Abstract. Most of the tidal energy dissipation in the ocean occurs in shallow seas, as has long been recognized. However, recent work has suggested that a significant fraction of the dissipation, perhaps 1 TW or more, occurs in the deep ocean. This paper builds further evidence for that conclusion. More than 6 years of data from the TOPEX/Poseidon satellite altimeter are used to map the tidal dissipation rate throughout the world ocean. The dissipation rate is estimated as a balance between the rate of working by tidal forces and the energy flux divergence, computed using currents derived by least squares fitting of the altimeter data and the shallow water equations. Such calculations require dynamical assumptions, in particular about the nature of dissipation. To assess sensitivity of dissipation estimates to input assumptions, a large suite of tidal inversions based on a wide range of drag parameterizations and employing both real and synthetic altimeter data are compared. These experiments and Monte Carlo error fields from a generalized inverse model are used to establish error uncertainties for the dissipation estimates. Owing to the tight constraints on tidal elevation fields provided by the altimeter, area integrals of the energy balance are remarkably insensitive to required dynamical assumptions. Tidal energy dissipation is estimated for all major shallow seas (excluding individual polar seas) and compared with previous model and data-based estimates. Dissipation in the open ocean is significantly enhanced around major bathymetric features, in a manner consistent with simple theories for the generation of baroclinic tides.
tire globe). But scattering by deep-ocean bottom topography may be more important than generation at continental slopes [Sj6berg and $tigebrandt, 1992; Morozov, 1995] . The possible importance of this mechanism to deep-ocean mixing has recently been discussed by Munk and Wunsch [ 1998] .
As is well known [e.g., Lambeck, 1977; Platzman, 1984] , global charts of tidal elevations suffice to determine the global rate of working of tidal forces on the ocean (see also section 2). To deduce localized estimates of energy fluxes and energy dissipation requires corresponding charts of tidal some work and flux terms from first principles. Section 4 provides a brief overview of th e methods used for estimating tidal currents from the T/P elevations. In section 5 we provide estimates of energy fluxes, work terms, and dissipation derived from a number of T/P tidal solutions, including a complete tabulation of estimates of energy fluxes into all shallow seas, and dissipation i n selected deep-ocean areas.
In this section we also consider in detail the sensitivity of our results to the prior assumptions about dissipation and bathymetry required to estimate currents. Section 6 comcurrent velocities. Direct measurements of currents are, of pares our estimates of shallow-sea dissipation to empirical course, inadequate to the task; they are to o sparse, generally too noisy, and often contaminated by baroclinic effects.
To make progress, one must invoke dynamics to infer currents from elevations, and this unfortunately means making assumptions about dissipation. The problem appears inherently circular.
Assessing the degree to which dissipation estimates can be made insensitive to dynamical assumptions is the heart of the problem. It should be clear that simply fitting a numerical tide model to satellite measurements and evaluating the model's dissipative terms is too simplistic an approach. The resulting dissipation would be overly sensitive to model assumptions and parameterizations. For example, using the typical bottom drag dissipation (parameterized as quadratic in velocity) would force all dissipation into shallow seas for any plausible specification of friction coefficients.
The basic approach taken in E-R and here is to estimate currents by fitting the dynamical equations and the T/P elevations using weighted least squares, calculat e energy fluxes, and then form a balance between the rate of working of tidal forces and the flux divergence. In general, the results Of this calculation will not equal the dissipation in the assumed dynamical model, because the tidal elevations are tightly constrained to satisfy the satellite observations and therefore cannot, in general, also exactly satisfy the model equations. The implied "dynamical residuals" are in some sense an additional forcing term whose working corrects the assumed dissipation to be consistent with the altimetrically constrained elevations (see below) [Zahel, 1995; Egbert, 1997] . We show here that with sufficiently tight elevation constraints and rational weighting of the momentum and mass conservation equations, dissipation maps computed with this approach are robust to a wide range of dynamical assumptions. The near-global tidal observations by T/P thus provide a powerful framework for addressing the dissipation problem.
These ideas are discussed at length in section 5, where the main results are given. Sections 2-4 establish necessary preliminaries. Section 2 reviews the data and theories that constrain the total energy dissipation rate in the ocean; any localized dissipation estimates must integrate to these welldetermined global totals. Section 3, following primarily As in E-R, discussion is limited to the principal lunar constituent M2. The principal solar constituent S2 is confounded by insolation and atmospheric effects that considerably complicate the main issue, while the major diurnal tides are less well determined. As noted above, M2 accounts for approximately two thirds of the total tidal dissipation.
Global Dissipation Rate for Earth and

Oceans
The primary purpose of this paper is to determine empirically the distribution of tidal energy dissipation in the world ocean. The present section is a prologue, acting to establish the total disgipation rate within the entire planet and the partition of this total among the solid Earth, oceans, and atmosphere. We review what kinds of measurements or theories constrain the partition and what the current uncertainties are, The partitioning is not as accurately known as the planetary total.
Planetary Dissipation Rate
The theory of the planetary tidal dissipation was laid out in comprehensive and elegant form by Platzman [1984] . We take it as axiomatic that the mean planetary dissipation rate equals the mean rate of working by tidal forces throughout the planet. Platzman showed that this rate of working can be expressed as a simple surface integral involving the primary astronomical potential cI) and the secondary (induced) potential cI)', the latter resulting from tidal displacements within the solid and fluid components of the Earth. where G is the gravitational constant and R is the mean radius of the Earth which forms the surface $. The angle brackets denote averaging in time over a tidal cycle. As Platzman points out, the simplicity of (1) is somewhat deceptive, because disentangling and understanding the components of • requires a mixture of theory and accurate global measurements which, although much improved since Platzman's work in 1984, are still in some measure inadequa te to the task.
We suppose that both potentials ß and •t refer to M2 only. Then cI> is a degree 2, order 2 spherical harmonic [Cartwright and Tayler, 1971] cI> ( The most direct route to determining cI> ' is by analyzing the orbital perturbations of artificial satellites, which result from forcing by the entire planetary potential. The order 2 terms of cI> •, which include the one of interest here, are especially well determined for semidiurnal tides, because they induce long-period perturbations that are easily observable with present tracking systems [Lambeck, 1977] .
Although cI> • is a combined (solid + ocean + air) effect, nearly all published orbit analyses parameterize cI> • as if it
arises from a strictly elastic body tide and a small residual ocean tide [e.g., Christodoulidis et al., 1988] . This parameterization, although formally incorrect, does reflect the dominant tidal forces on a satellite, and it provides a fully satisfactory estimate of cI> • needed for evaluating (1) numerically.
The potential due to the ocean tide is usefully expressed in terms of a series of waves, each a spherical harmonic component of some unique degree and order. As noted above, we require here only one of these waves: the degree 2, order 2 prograde ("prograde" meaning moving in the direction of the Moon). Then for our purposes cI> ' reduces to ß ' = k2• + (4rr/5)GRp(1 + k•) x 22(cosø) cos(ot + 2v - (2) The first term on the right is the potential induced by deformations of the body tide, the second by deformations of the ocean tide and its load. Here k2 is the body tide Love number, k} is the degree 2 loading number, and p is the den- The M2 atmospheric tide dissipates about 10 GW = 0.01 TW, according to Platzman [1991] . This estimate is based on observational data, namely, surface barometer measurements at 104 meteorological stations, which were gridded and subjected to spherical harmonic analysis by Haurwitz and Cowley [1969] . A similar estimate, relying exclusively on numerical simulations, was made by Kagan and Shkutova [1985] , who arrive at 17 GW. Evidently, the atmosphere accounts for less than 1% of the M2 planetary dissipation rate.
Dissipation by the Earth's body tide (i.e., the part of the solid tide forced only by the astronomical potential) has been estimated in various ways by a number of authors. Platzman In summary, a process of elimination suggests that the ocean tide must account for roughly 95% of the M2 planetary dissipation rate of 2.54 TW. Although it is perhaps not as well determined as one would like, the nonoceanic dissipation is clearly small. In a discussion of local oceanic energy balances, which is our main topic, errors are sufficiently large that consideration of the small nonoceanic component becomes an unnecessary complication. Therefore throughout the remainder of this paper we ignore any nonoceanic components of energy loss and take all Love and loading numbers to be real. Under that assumption the total oceanic dissipation rate, equaling the total rate of working on the ocean by both gravitational and mechanical (solid fide) forces, can be expressed by the same formula (3) given above for the planetary rate [cf. Hendershott, 1972;  Cartwright and Ray, 1991] but with the parameters D•2 and •2 determined by satellite altimetry. Table 1 lists the global M2 rate for the primary ocean tide models used extensively below. The quoted uncertainty for the inverse model is based on the error covariances described in section 4; this uncertainty is slightly too small, since it does not account for the small systematic error from assuming k2 and k• are strictly real.
Tidal Energy Balance: Theory
This discussion requires a number of different tidal height variables, which are best summarized at the beginning: (Eo the equilibrium ocean tide height (allowing for the body tide "reduction factor").
•^,• an equilibrium-type tide as induced by selfattraction and loading.
We assume that the barotropic ocean tide satisfies the tidal equations of Laplace, modified to include effects of an elastic Earth and a self-gravitating ocean. Writing these equations in terms of volume transports U (= uH where u is the depth averaged velocity and H is water depth) offers certain advantages. The equations then take the form 
•t where F is the complete tidal potential, corresponding to both astronomical and induced forcing: Equations (5) and (6) give expressions for the local balance of momentum and mass. These equations may be combined in any number of different ways to form an energy balance equation that describes the trade-off between terms that may be identified with work, flux, and dissipation at a given location [e.g., Hendershott, 1972; Zahel, 1980 A derivation of an energy balance equation from first principles was given by Taylor [1919] , who wrote down expressions for potential and kinetic energy in a fixed Eulerian volume of ocean and then used the principal of energy conservation to derive the balance between work done by body forces and forces acting on the boundary, advection of energy into the volume, and dissipation. In the next section we use a similar approach to clarify the proper definition of work and flux terms on a nonrigid Earth. After dropping small terms, consistent with the approximations leading to (5) and (6), equations identical to those given by Hendershott [1972 Hendershott [ , 1977 are obtained. Because several of the terms take an unfamiliar form (and because of some typographical errors in the original papers), it is worth considering this derivation in further detail.
Potential Energy and Flux on an Elastic Earth
The following discussion briefly repeats the analysis of Taylor 
Energy Balance Equation
Equations (6) and (7) are readily combined to form a mean energy balance of the form [Hendershott, 1972 [Hendershott, , 1977 In principle, evaluation of the quantities W, F, and P in (12) provides a method for mapping the dissipation D throughout the ocean, regardless of the physical mechanism of that dissipation. The complications arise from the unavoidable errors in estimating these quantities, which depend on tidal volume transports throughout the ocean.
Energy Balance Over Patches
One can anticipate that the spatial resolution of dissipation estimates derived from T/P tidal elevations will be limited, both by noise and by the incomplete data coverage. However, the integral of D over a large ocean patch might be reliably estimated even when the small-scale details of D in the same area are poorly determined. There are several ways in which these patch integrals can be calculated, and some care is warranted. To make this explicit, let an overbar denote area integration, so that the dissipation in some closed region is given by D = W -F -V. P. By expressing W via (14), rather than as p (U ß VI'), all terms in D involving U are surface integrals of divergences, and may thus be replaced by line integrals in which knowledge of U is required only along open boundaries of the patch. These boundaries may be conveniently placed to avoid shallow seas and regions of complex topography where the currents are more likely to be poorly determined. 
Estimates of Tidal Volume Transports
General Considerations
To map barotropic tidal energy dissipation using (11)-(15), we require the ocean and solid Earth tidal elevations •' and •'s, the complete tidal potential F, and volume transports U. T/P altimetry data provide direct constraints on the elevations, and a number of nearly global maps of •' are now available. Given •', calculation of the tidal loading and selfattraction parts of F and •'s are straightforward [Ray, 1998 ]. The primary challenge is estimation of the volume transports U in the open ocean.
With elevations already specified (from the altimetry data) the momentum equations essentially involve two unknown fields: U and .•'. Given .•', or strong enough assumptions about this dissipation term, it would be straightforward to directly solve for U. For example, assuming that
with the linear drag coefficient r known, volume transports can be estimated by substituting •' into (5) and solving the resulting 2 x 2 linear system for U at each point in the domain. This is the approach (with r = 0) used by Cartwright and Ray [ 1989] in their estimate of dissipation on the Patagonian shelf from Geosat altimeter data. This simple approach requires only a local calculation and is thus easily implemented, but the explicit assumptions about energy dissipation required might be expected to bias estimates of dissipation computed from the resulting U. More importantly, this simple approach completely ignores the continuity equation, so the estimated volume transports will not in general conserve mass [e.g., Cartwright et al., 1980] . In fact, (6) provides a powerful constraint on U, independent of any assumptions about dissipation. It effectively provides the additional equations needed to extract meaningful information about both .
•' and U from knowledge of •' and hence to map dissipation. Enforcing (6) also leads to smoother estimates of volume transports which are less affected by noise in the tidal elevation fields. As we shall show below, estimates of dissipation computed without explicitly enforcing mass conservation are too noisy to be useful.
Our strategy is to estimate the currents by fitting both (5) and (6) 
Least Squares Inversion of Elevation Solutions for Volume Transports
Using the weighted least squares procedure described by , volume transports, and hence estimates of energy dissipation, can be computed from any of the global T/P tidal elevation solutions. Given a gridded tidal elevation field •, U is estimated by minimizing the weighted misfit to the equations (5) Here .A4u and A//r give the squared misfits to the two equations, and the weight wr controls the relative degree of fit to each equation. In the limit of large wr, continuity is enforced exactly, while in the limit of small wr the momentum equations will be satisfied exactly. As shows, in the open ocean currents estimated by solving this large least squares problem are quite similar to those obtained by the assimilation method discussed above and show good agreement with reciprocal acoustic tomography and current meter data. Further details, including treatment of coastal boundary conditions and computational procedures are given by Ray [20011. In addition to w c, the least squares solution will depend on the assumed form for the bottom drag term in the momentum equations. To keep the least squares problem linear, the linear parameterization of bottom drag (22) is used in (5), with r varied over a wide range.
Results
Both the data assimilation and the least squares procedures result in elevation and volume transport fields which can be substituted into (11)-(19) to yield estimates of timeaveraged fluxes, work terms, and dissipation. Some numerical details of these calculations are given in the Appendix. E-R presented dissipation maps derived in this way for two different tidal solutions: GOT99, an empirical correction by Ray [1999] Here we consider these results in much greater detail, and we demonstrate the robustness of these empirical dissipation estimates to details in the T/P tidal solutions, prior dynamical assumptions and weightings, and errors in bathymetry.
Energy Fluxes and Rates of Working
We begin with a brief examination of the individual terms in the energy balance equation ( 
nonvanishing of currents on the coastal boundaries in TPXO.4a, and (3) incomplete global coverage of the tidal solution. These factors also lead to small discrepancies between the global totals for work (Table 1) and dissipation (Table 2) for each of the solutions.
The most striking aspect of Plate 1 is the almost identical appearance of the net work done on the ocean by all body forces and the moving seafloor (W -F) and the divergence of the energy flux V ß P. Thus, for example, most of the energy input to the ocean in areas of positive net work (red areas in Plate 1 e) propagates away as barotropic waves. Plate 1 underscores the difficulty of estimating dissipation, which is the difference between the two very similar terms D = (W -F) -V. P. Evidently, great care must be exercised in all phases of these calculations. In particular, although tidal loading and self attraction are small compared with the total work W -F, they cannot be neglected and, in fact, must be calculated as accurately as possible.
Localized Dissipation Estimates
Before discussing dissipation maps estimated from the T/P data, we briefly consider dissipation in the purely hydrodynamic prior solution used as the prior or first guess for all of the assimilation solutions. Ocean and Norwegian Sea is also significant (together nearly 100 GW), but because the T/P data do not extend beyond 66øN latitude, we do not attempt to divide dissipation between these seas. The total, which is determined primarily by the energy flux out of the northeast Atlantic (in an area of good T/P data coverage), is similar for all of the T/P solutions and thus appears to be reasonably well constrained.
For almost all of these major shallow sea sinks the TPXO and GOT99 dissipation estimates (red and blue symbols in Plate 3) agree within approximately 10-15%. Better agreement is obtained for isolated shallow seas that can be cleanly separated from other possible sinks (e.g., the Patagonian Shelf (5), the St. Lawrence Seaway/Gulf of Maine (9), and the Bering and Okhotsk Seas (15) and (17)). Note that for these areas the error bars computed for the TPXO.4a solution are small. Dissipation estimates based on the other T/P solutions (green symbols in Plate 3) show more scatter, but except for a few outliers most estimates are still within about 20% of the average. It should be noted that these other tidal solutions are based on much less T/P data and are generally of lower quality than the more recent TPXO and GOT99 solutions [e.g., Ray, 1999] . There is also generally excellent agreement among all solutions in areas of minimal dissipation (e.g., the west coast of South America, the east coast of North America (south of the Gulf of Maine), the west coast of Africa, and the coast of Australia (excluding the northwest coast and Coral Sea).
The area of greatest disagreement between solutions is around Indonesia. Division of dissipation between the various patches in these areas is problematic, since boundaries must be drawn in shallow areas with complex bathymetry where our estimates of volume transports are most questionable. Agreement between all estimates is much better for the total dissipation in the three areas which share boundaries in this area of complex topography (4, 8 and 19, the northwest Australian shelf, the South China Sea, and Indonesia, respectively). For this total the TPXO and GOT99 solutions again agree to within about 15% (see Table 2 ).
Summed over all shallow seas, all of the T/P dissipation estimates come up well short of the required total of 2.4 TW. With the exception of DW95 (which is a bit of an outlier, even for the global total), all of the additional T/P solutions considered here are consistent with the TPXO and GOT99 results presented by E-R, with total shallow sea dissipation around 1.6-1.8 TW. The remaining dissipation, required to match the well-determined global total must occur in the deeper ocean. For the T/P based dissipation estimates this amounts to about 0.6-0.8 TW, or about 25-30% of the total.
The breakdown into some of the major areas of deep ocean dissipation is given in the second part of Table 2 Table 2 and Plate 3 that the large-scale pattern of tidal dissipation does not depend strongly on details in the estimated tidal elevations, provided the fit to the T/P data is sufficiently good.
Sensitivity to Assumed Dynamics
To demonstrate the insensitivity of dissipation to prior dynamical assumptions, E-R compared results from five of the estimates summarized in Table 2 and Plate 3, TPXO.4a,b,c and GOT99hf, nf. These comparisons showed that the results are only weakly dependent on the assumed form for the friction 3 v and the prior dynamical error covariance. We expand on these issues here, providing further details and discussion. We also address more explicitly the importance of proper weighting of the continuity equations for estimation of volume transports and consider possible effects of errors in the assumed bathymetry.
5.3.1. Sensitivity to assumed 3 v. The most obvious area of concern is that both the assimilation and weighted least squares methods require some sort of prior assumption about the dissipative term f' in (5). 5.3.3. Sensitivity to assumed covariance. A second area of possible concern is the effect of the assumed prior error covariance on the estimated dissipation. This is most easily explored with the assimilation approach where the covariances are explicit.
For TPXO.4a a prior estimate of the magnitude of errors in the momentum equations (5) was obtained following the general analysis of EBF, but with allowance for the improvement we have made to the dynamics. For the solutions considered here the dynamical error variance is dominated by errors in the bathymetry and the effects of unresolved topography. As a result we have assumed a priori that errors in the dynamics are largest in places like the Hawaiian ridge or the western Pacific, where many islands and seamounts are not resolved by our coarse numerical grid. Although these prior assumptions about momentum equation errors may be reasonable, it is also possible that they bias our dissipation estimates. Away from topographic complications dynamical errors are assumed to be smaller, so that dynamical errors, and hence any required excess dissipation, will tend to be larger over rough topography. To assess this possibility we consider two variants on the preferred dynamical error covariance.
For the first case (TPXO.4b) we assume a spatially uniform dynamical error variance. As for TPXO.4a, decorrelation length scales are assumed to be 5 degrees. The resulting dissipation map is given in Plate 4b. Compared with TPXO.4a the dissipation estimates are slightly smoother, with features like the Hawaiian Ridge less distinct. However, the overall pattern is very similar, and all significant areas of enhanced dissipation remain. For the second case (TPXO.4c) we reduce the decorrelation length scale for the dynamical error covariance from 5 to 2.5 degrees. We also slightly modify the dynamical error variances from that used for TPXO.4a to increase error variances for individual grid cells containing significant fine scale variations in bottom topography. This modified error covariance Ef tends to put large errors (and thus potentially larger deviations of dissipation from the prior) in areas with topographic complications. The result (Plate 4c) is as expected, with topographic features such as ridges and island chains more sharply resolved (and also somewhat noisier). However, the general pattern remains essentially the same as for the other two cases. More quantitatively, Table 2 
Inversion of Synthetic Data
As a definitive test of the ability of the T/P elevation data to constrain tidal dissipation, we applied the assimilation procedure to data generated from synthetic model runs. First, the nonlinear shallow water equations were solved by time-stepping on a 1/4 ø grid, with several different input assumptions about friction and bathymetry. The tidal elevation fields were then sampled with a spatial and temporal pattern equivalent to the altimeter, noise was added, and the inverse approach was used to compute transports and estimate dissipation. Since the synthetic tidal currents at the original 1/4 ø resolution are available, we can compare the actual dissipation in the numerical model with the inversion results. The procedure is essentially identical to that used for the Monte Carlo error bar calculation, except that instead of specifying random forcing and boundary conditions for the synthetic calculations, we ran the forward model with modified dynamics. In all cases for inversion of the synthetic data, we used the same 3/4 ø grid, with the bathymetry, dissipation, and dynamical error covariance used for TPXO.4a. By computing the synthetic "truth" with different bathymetry we can assess the importance of this additional source of uncertainty.
For the first set of synthetic runs the bathymetry was taken from the GTOPO30 database of Smith and Sandwell [1997] averaged onto a 1/4 ø grid. The bathymetry for these synthetic runs was thus of higher resolution but otherwise consistent with that used for the inversion. Dissipation was modified from the quadratic drag law used for the prior inverse solution in several ways. Starting from the prior solution, we computed a spatially varying linear drag coefficient that would produce the same dissipation as the quadratic law (for the prior solution currents). We then modified the drag coefficient in selected areas and reran the forward model with this modified linear friction. Plate 6 compares the actual synthetic and estimated dissipation maps for two variants on this procedure. For the first case (Plate 6a) all dissipation was confined to shallow seas, but the drag coefficient in some seas was modified (e.g., by setting it to 10% or 200% of the level calculated from the prior solution). For the second case (Plate 6b) dissipation was added to deeper ocean areas. To do this we followed the theory of Sjiiberg and Stigebrandt [1992] to estimate an approximate linear drag coefficient that accounts for conversion of barotropic tidal energy to baroclinic modes. The required buoyancy frequency was computed from the climatology of Levitus [1999] and bathymetry (on a 5 t resolution grid) was taken from Smith and drag laws and errors in bathymetry and boundary conditions Dissipation in shallow seas computed from the purely hyin various combinations. The results presented here are typi-drodynamic prior model tends to be larger than in the T/P cal. We conclude that the sampling pattern of the T/P data is estimates. The most significant differences are for the Eusufficient to extract accurate estimates of the spatial localiza-ropean Shelf and in the Arctic/Norwegian Sea, where dissition of dissipation, with a resolution of 5 ø or so, even if the pation in the prior solution is large, and about 50% above true bathymetry is only imperfectly known. The synthetic the empirical estimates. More generally, shallow sea dissimodeling results also suggest that small-scale unresolved to-pation in the prior and T/P solutions is similar, with a slight pographic features do not substantially affect dissipation in tendency to larger values in the prior. Agreement between either the synthetic runs or the inverse solutions. the T/P estimates and the hydrodynamic calculations of Le
Comparison to Other Dissipation Estimates
In Table 2 The relatively poorer consistency of the T/P solutions among themselves, and with the in situ data, at this higher resolution is thus not surprising. The resolution of our global dissipation maps is really quite coarse, probably no better than 5 ø or so. This presents us with difficulties in comparing our dissipation estimates to local data-based studies of tidal energetics. With the exception of the Cartwright et al. [1980] study, these have been restricted to small geographic areas which are not reasonably resolved by our global scale study.
Discussion
Through experiments with real and synthetic data we have shown that T/P altimeter data provide sufficiently strong constraints on M2 elevations to yield useful information about the global distribution of tidal energy dissipation. Provided the altimeter data and the continuity equation are fit sufficiently well when estimating volume transports, meaningful dissipation maps can be computed as the balance of barotropic energy flux divergence and local working by body and surface forces. Large-scale features in these maps depend only weakly on the specific T/P tidal elevation model used, prior assumptions about the nature of dissipation, details of prior covariances, and errors in the assumed bathymetry. All of the T/P dissipation estimates considered are in close agreement on the distribution of dissipation among shallow seas, and all exhibit similar large-scale patterns in the open ocean. Experiments with synthetic data reinforce the conclusion that the coverage and accuracy of the altimeter data are sufficient to allow accurate estimation of smoothed dissipation fields, even if the true bathymetry is not known or completely resolved. We stress again that mass conservation must be strongly enforced when estimating U to obtain these stable and reproducible results.
Results from all of our experiments strongly support the conclusion of E-R that approximately 25-30% of the M2 energy dissipation (0.7 4-0.15 TW) occurs in the deep ocean. In these areas, tidal velocities are too low for energy loss by bottom drag to be significant, at least with the traditional quadratic parameterization. Zahel [1980] has suggested that turbulent horizontal viscosity may also play an important role in tidal energetics. We have not explicitly included this term in our energy balance equation, but dissipation by this mechanism is implicitly accounted for in our generic stress 
where N = (-gOzlS/po) 1/2 is the buoyancy frequency.
Equation ( .g., Plates 2b, 2c, 4a, and 4c) ], relative to the predictions of the two-dimensional the winds on the ocean surface is estimated to account for model of Baines [1982] . The Andaman Sea (area 10 in Fig-only about 1 TW [Wunsch, 1998 ], they further suggest that ure 2) provides an example of a shallow sea where there ap-tides may provide about half the needed power. Extrapolatpears to be significant dissipation specifically near the outer ing our results for M2 to all other lunar and solar constituents
